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Introduction

23
Dried blood spotting (DBS) is a convenient blood collecting and sampling method, which is 24 widely applied in newborn screening and blood analysis. The ease of its use and a number of 25 other benefits derived from advanced analytic technology have led to a rapid growth in the 26 application of DBS in traditional screening methods (e.g., large scale neonatal screening) and 27 others, e.g., preclinical test and, pharmacokinetic (PK), toxicokinetic (TK) and therapeutic drug 28 monitoring (TDM) [1] [2] [3] [4] [5] [6] [7] [8] . DBS provides many benefits compared to conventional whole blood 29 collection or plasma sampling, such as low cost, ease of transport and storage, etc. [9] . These 30 benefits are derived from the ability of DBS to collect, handle and store blood samples of micro-
31
volumes from which qualitative and quantitative data can be obtained at a later date [1, 2, 10] .
32
However, this method suffers from two main problems. First, the dispersion of blood analytes 33 over filter paper is often found to be unequal which may cause inaccuracies in the clinical 2 analyse certain analytes due to the small sampling volume and low recovery. The latter problem 36 has been benefitted from advanced analytical methods recently, such as liquid chromatography 37 tandem mass spectrometry (LC-MSMS) and high performance liquid chromatography-ultraviolet
38
(HPLC-UV) [1, 2, 6, 10] . However, the issues mentioned above have always been the bottleneck of 39 practical application of DBS.
41
According to a number of review papers [3, 6, 7, 10 
52
blood properties and the way how blood is deposited on the filter paper. Therefore, there is no 53 well-defined relationship between the theoretical and experimental parameters in the published
54
DBS literature and only few researches have considered the influence of spreading dynamics on 55 the DBS without quantifying these behaviour in detail [3, 9, 16] . In order to understand the 56 spreading processes accurately new model based on both theoretical and experimental methods
57
should be developed since the study of spreading behaviour of the blood drop over DBS filter 58 paper had not been developed before. In addressing these points, the spreading and imbibition
59
of blood droplets on thin porous media, namely, DBS filter paper is studied in this paper.
61
The kinetics of the spreading of other liquid drops over porous medium has been investigated in 62 previous studies [17] [18] [19] . According to the previous studies, the drop spreading over dry porous 63 layers is considered as two competitive processes: (i) the spreading of the drop over an 64 saturated porous surface and (ii) the imbibition of the liquid from the drop into the porous liquids on thin porous media, there is little or no study that has reported the spreading behaviour
72
of non-Newtonian fluids in general and, more specifically, blood in the context of DBS. Therefore,
73
the experimental investigation on blood spreading behaviour is essential. As mentioned earlier,
74
there are a number of parameters which affect the spreading behaviours of blood on filter papers.
75
Firstly, the physical properties of a filter paper, such as an average pore size and, thickness on 76 the layer affect the capacity and spreadability of blood on the filter paper. 
123
We use pig's blood with different haematocrit levels to simulate the behaviour of human blood,
124
and observe the spreading process of the liquid drops on DBS filter paper to analyse its 
130
Accordingly, pig's blood is considered as the most suitable blood simulant in our experiments.
131
The blood rheology was obtained via in-house laboratory experiments and used to identify the 
137
Materials and Experimental Methods
5
was used to wash red blood cells after centrifugation. Blood was stored at 4°C and all blood 142 samples were used within 4 hours after collection.
Preparation of different haematocrit levels of blood
144
Blood of different haematocrit levels was prepared according to the procedures presented by
145
Baskurt et al. [23] . The blood samples with different haematocrit levels were centrifuged by a
146
Heraeus Labofuge 400R centrifuge (Thermo scientific, UK) at a constant rotating speed (~1400 g)
147
for 10 minutes to separate the red blood cells (RBC) and plasma without damaging the RBC in 148 the blood. After the separation, the plasma was kept for re-suspension later and the cells were
149
washed by the sterile saline solution three times to remove buffy coat layer, i.e., a thin layer that
150
is generated between plasma and RBC after centrifugation, which also contains most of the 151 white blood cells and platelets. The washed cells were then re-suspended in plasma at the 152 required haematocrit levels, namely, 0%, 30%, 50% and 70%.
154
After the preparation of blood samples, the haematocrit level and cell density were measured for 155 every sample to make sure consistency in the quality of the samples.
157
Measurements of blood rheology
158
As described in section 2. 
188
Germany). AR1000-N Rheometer (TA instrument, USA) was used to determine the viscosity of 189 blood.
191
The experimental set up of spreading experiment is shown in Figure 1 , which is based on the 
220
The rheology of blood is an important parameter in the spreading dynamics over porous medium.
221
The influence of haematocrit level of blood viscosity was investigated by measuring the blood 222 viscosity at different haematocrit levels. In particular they were measured so as to characterise 
229
The experimental data presented in the figure are in a good agreement with other reference data 230 [28, 29] . The data are also in good agreement with Thiriet's study [30] in which the author shows
231
that the values of blood viscosity at constant temperature can be approximated by following 232 power law equation:
234 where k and n are consistency factor and flow behaviour index, μ is blood viscosity and  is the 235 shear rate. Equation (1) 
244
As shown in Table 1 , the values of n are almost constant and it is slightly higher with higher show that the density of blood sample with higher haematocrit level is higher than blood samples 251 with lesser haematocrit level. 
253
257
The spreading/imbibition behaviour of blood droplet over porous filter paper depends on the 258 physical properties of filter paper used: the thickness, fibre matrix composition, permeability,
259
porosity and pores size distribution. We used two microscopes to observe the surface 260 heterogeneity and measure the thickness of filter paper, in order to analyse these physical 
287
The wetted region inside the filter paper, l t , was obtained using top view video photographs at 288 60 fps ( Figure 5 ).These image sequences were processed using ImageJ software to obtain the 289 area A(t) and perimeter P(t) of each spot. A distance was defined on the image of an identified 290 micro-scale using the software calibration; this was then used to measure the area of the DBS 
303
The time dependency of the radii of wetting regions, l(t), for pure water and blood at 0%, 30%,
304
50% and 70% haematocrit levels on Whatman 903 filter paper at 25℃ are shown in Figure 6 . In Figure 7 , a magnification of the data presented in Figure 6 is given on the time dependency of 349 the wetted region inside the filter paper for blood at different haematocrit levels. 
362 363 where h is the height of the drop at central point, r is the contact radius, and θ is the contact
364
angle.
366
According to our experimental observation the radius of drop base initially increases to its 367 maximum value and then slowly decreases till complete imbibition of blood drops. The most 368 notable differences between the samples with different haematocrit levels are the spreading 369 kinetic as shown in Figure 9 . The time of completely imbibition is around 0.2 second for plasma.
370
However, the imbibition times for blood samples at 30%, 50% and 70% are slower and are
371
around 0.3s, 0.45s and 0.6s. This result clearly suggests that the spreading kinetic decreases as 372 the haematocrit level increases or the same as the viscosity increases.
374
In order to further discuss the spreading dynamics of droplet spreading over porous media, the 
377
L is the maximum radius of the droplet base;θ and h t are the contact angle and droplet
378
height when the spreading radius reaches the maximum value; t * is the time of complete 379 imbibition of the blood droplet. All the relevant data are shown in Table 3 . 
easily into the filter paper in comparison to that of the blood samples.
401
Figures 10-12 demonstrate that the time evolution of droplet base, height and contact angle in 
436
The experimental data present the haematocrit effect on the spreading/imbibition dynamics of analytes is being considered and will be presented in our future work. 
